The neurotoxic action of the excitatory amino acids (EAAs) kainate (KA), N-methyl-D-asparatate (NMDA), quisqualate (QA) and RS-~t-amino-3-hydroxy-5-methyl-4-isoxazolopropionate (AMPA) is thoroughly described [2, 6, 7, 8, 17] . In addition to the toxic actions, EAAs are thought to be involved in convulsive disorders [I] . Barbiturates such as phenobarbital (PB) are widely used as anticonvulsants and this group of compounds also comprise drugs which act as anaesthetics. These latter ones are GABA-mimetics in low concentrations whereas the anticonvulsant barbiturates are not [15] . However, both types of barbiturates depress glutamate mediated transmission [15, 21] . In agreement with this, pretreatment of experimental animals with phenobarbital has been shown to abolish KA induced seizures but the exact mechanism is unknown [9] . Although part of this effect may be the result of a reduced release of glutamate [21] the barbiturate depression of glutamate transmission might also reflect an interaction between barbiturates and specific receptors for EAAs [3] . So far conflicting conclusions have been reached on the basis of studies on these mechanisms conducted in more simple systems such as nerve-cell cultures [2, 12] . Thus, Koh and Choi [12] using glutamate as a representative of EAAs concluded that the in vivo protective effect of anticonvulsant drugs on EAA induced toxicity must be indirect. In order to obtain more direct information on a possible interaction between anticonvulsant barbiturates and EAA receptor mediated cytotoxicity, the present study was undertaken to investigate the possible protective effect of phenobarbital on the cytotoxicity induced by different EAAs.
Cultures of cerebral cortex neurones were obtained from 15-day-old mouse fetuses as detailed by Frandsen and Schousboe [6, 7] . Astrocytic contamination was curtailed by addition after 48 h of 20 pM of the mitotic inhibitor cytosine arabinoside [4] . The neurones were routinely cultured for 9 days before exposure to the different EAAs and toxicity was measured using the lactate dehydrogenase (LDH-) leakage test as detailed by Frandsen and Schousboe [6, 7] . To prevent underestimation of the toxicity induced by glutamate and aspartate [7] 500 pM of the glutamate uptake inhibitor [5] k-aspartate-//-hydroxamate was included in the incubation media when the cultures were exposed to either one of these EAAs. Neurones used for measurement of O: consumption were cultured for 6~-10 days. Oxygen uptake was measured by using an Clarck-type O2-electrode and the oxygen consumption rate calculated as described by Robinson and Cooper [20] .
Cells were washed twice with a Ringer buffer containing 140 mM NaC1, 4 mM KCI, 1 mM CaC12, 2 mM MgCI2, 10 mM glucose and 10 mM HEPES, at pH 7.4, 37C, and the culture flasks were subsequently filled with 64.0 ml Ringer (37°C). The cultures were immediately transferred to a water bath, thermostated to 37°C and equipped with a magnetic stirrer held under the top wall of the culture flask (opposite to the cell layer) to ensure a representative Oz concentration at the electrode. Air bubbles were carefully removed from the culture flasks before experiments were performed, these precautions being absolutely essential to obtain reproducible results. The O: electrode and a syringe were fitted into the cap of the culture flask allowing exposure of the cultures to KA and PB without opening the system. This system allowed recordings of a constant oxygen consumption of 3-5 pmol x mg-I protein x h l for more than 12 h. In all experiments the basal O2-uptake was measured over a period lasting 15-60 min during which time the rate of respiration was constant. Protein contents were determined as described by Frandsen and Schousboe [6] .
As shown in Table I , only the cytotoxicity induced by KA (300 pM) could be prevented by coadministration of PB (100-500 pM) whereas the toxicity elicited by glutamate, aspartate, AMPA, NMDA or QA was unaffected by the presence of phenobarbital in the incubation media. Moreover, 1 mM y-aminobutyrate (GABA) did not protect the cultures from the cell damage induced by any of the EAAs. This latter finding is in agreement with the results obtained by Olney et al. [18] and Koh and aSimilar experimens (n = 6) with co-addition of GABA (I raM) and flunitrazepam (10, 50 or 100/~M) gave comparable results.
Choi [12] , and consistent with the notion that phenobarbital at these concentrations is not a GABA mimetic compound [15] . It has recently been reported [16] that GABA plus benzodiazepines reduce glutamate induced cell death in hippocampus, whereas GABA by itself has no such effect. The possibility therefore exists that co-exposure of the cells to GABA and flunitrazepam might protect against KA induced toxicity. However, addition of flunitrazepam (10, 50 or 100 aM) together with 1 mM GABA immediately before exposure to KA had no effect on the KA-induced cell death (Table I). The lack of effect of addition of GABA also excludes the possibility that the effect of phenobarbital at the high concentrations might be due to an inhibition of GABA uptake [14] leading to increased extracellular concentrations of GABA. The ability of PB to prevent the toxicity related to KA exposure was studied in more detail. It was found that exposure of the cultures to 100 or 500 aM PB per se did not affect the integrity of the cultures within the exposure period of 26 h which is in agreement with results obtained by Regan et al. [19] who used even longer exposure periods and higher concentrations of PB. Moreover, the dose-response relationship for the protection by PB of KA induced cytotoxicity was investigated. During a two hour exposure period to 300 aM KA, PB was added at several different concentrations. Fig. 1 shows a classical dose-response relationship, and an ICs0 value for the protective effect of PB of 56 aM (5 ag/ml) could be calculated by log-probit analysis. This ICs0 value is well within the serum level of the barbiturate in patients treated with phenobarbital (cf. ref. 19 ). In case the ability of PB to protect against tog PB concentration (~M) Fig. 1 . Dose-response curve for the effect of PB on the cytotoxicity induced by 300 ~M KA in cerebral cortex neurones cultured for 9 days. Toxicity was measured after 2 h of exposure to 30t) uM KA and varying concentrations of PB using the lactate dehydrogenase (LDH) leakage test described by Frandsen and Schousboe [6] . Results are means of 6 experiments. When exceeding the symbols, S.E.M. are indicated by vertical bars.
EAA induced neurotoxicity may have any therapeutic value it would be important to know whether the protective effect of PB depends upon the time of addition of PB relative to the exposure of the neurones to KA. Hence, it was investigated whether administration of PB shortly after the addition of KA would have any effect. However, no differences were observed between exposure of the cultures to KA alone or together with PB added 1-3 rain after exposure to KA (results not shown). In the light of these results, a possible therapeutic use of low doses of PB does not seem promising, although prophylactic treatment is a possibility. It is well known that exposure of nerve tissue to EAAs is initially associated with a substantial increase in respiratory activity [13] . To exclude a non-specific action of low concentrations of PB by a depression of the respiratory activity in the cultures, oxygen uptake was measured in the absence and presence of PB. Table II shows that   TABLE II  OXYGEN UPTAKE (,umol × 
Asteriks indicate statistically significant differences from the basal oxygen uptake (Student's t-test; *P < 0.01 and **P < 0.001).
the basal oxygen consumption of 4.43 #mol x mg-1 x h-1, which is compatible with values obtained in similar and other nervous tissue preparations [11] , was not affected by exposure to PB (50/tM). Likewise, 100/aM PB was without effect on the basal 02 consumption (not shown). Exposure of the cultures to 60 #M KA which within the exposure period used does not induce any significant cytotoxicity [6] led to a moderate increase in the rate of oxygen consumption to 6.79 pmol x mg-l × h-l during the first 50 min after addition of KA (phase I). It was consistently observed that this moderate increase in the respiratory rate was followed by a huge increase to 79 pmol x mg-I x h-l (phase II) which lasted for more than 1 h after which time it decreased, presumably due to lack of oxygen in the closed system. This ability of KA to increase the respiratory activity in the neurones is consistent with previous findings that respiration of nervous tissue preparations can be stimulated by exposure to either excitatory amino acids [13] or depolarizing concentrations of potassium [10] . It should be pointed out, however, that the increase in 02 consumption observed in the present study is much larger than previously published values for other nervous tissue preparations. If the cultures were exposed to both 60 #M KA and 50 #M PB at the same time, the KA-induced increase in 02 consumption (phase I and II) was completely blunted. Since PB did not affect the basal 02 uptake in the cultures, the ability of PB to selectively abolish the KA induced increase in 02 uptake suggests that PB could exert its effects on both toxicity and oxygen consumption in a specific way, associated with a direct action on the KA receptor. Alternatively, PB might be interfering with intracellular events initiated via activation of KA but not other EAA receptors. Furthermore, the selectivity of PB in protecting the cultures against cytotoxicity induced by KA but not by the other EAAs supports the notion that PB exerts its influence directly and selectively upon the KA receptors. Such specificity would explain the negative findings of Koh and Choi [12] and be in agreement with the differential potency of other barbiturates to reduce toxicity induced by various EAAs [18] . Further studies to establish whether PB can be considered a selective KA receptor subtype antagonist could be an important step in the development of potent and selective antagonists for the different EAA receptor subtypes. Studies aimed at establishing an effect of phenobarbital on [3H]KA binding are currently being performed in this laboratory.
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